Abstract -The paper discusses the influence of a grid impedance, especially for a leakage inductance of a grid side transformer. The grid impedance does not usually take into account during the design stage of the current controller. As a result, low order harmonics in the grid current are distorted. In this paper, the active feed-forward compensation method is proposed for the purpose of attenuating the current distortion.
INTRODUCTION
The demands of grid-connected distributed power including a renewable energy are increasing globally. Unlike a traditional system, an inverter system produces current harmonics which cause unfavorable effects on power quality. Therefore many regulations, such as IEEE-519-1992 or IEEE-1547, constraint the power quality [1]- [2] , and the effective harmonic attenuation is essential to satisfy these regulations.
A passive filter is generally useful to attenuate the high order harmonics due to an inverter switching behavior. One of simple passive filters is configured as a single L type, but the disadvantage that an inductance should be large enough to attenuate harmonics effectively is inherent, and thus leads to high cost and large filter size. The LCL type is an alternative configuration which provides a smaller inductance, reported by the factor of 1/3, while maintaining a similar attenuation [3] - [5] . However, a prudent design is necessary due to a design complexity and resonance problem. A major purpose of such a passive filter is the attenuation of high frequency harmonics of an inverter switching located around the tens of kHz.
On the other hand, grid current often contains low order harmonics ranged under kHz, which mainly caused by a dead time effect or grid voltage distortion [6] . The dead-time effect results in non-linearity of an inverter system and thus many compensation methods have been introduced. The grid voltage distortion is usually involved from a non-ideal grid condition.
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One of the major non-ideal grid conditions is known as a weak grid which is when the power grid system includes a large intrinsic impedance or leakage inductance of a grid side isolated transformer between inverter and grid power for isolation and for safety. Some literatures have been researched the stability criterion related to the grid impedance [7] - [9] , and many robust current controls against grid impedance also have been proposed under an uncertainty condition that the grid impedance could not be measured [10] - [12] . To overcome the uncertainty, some researches have proposed grid impedance prediction methods [13] - [ 14] . However, the theoretical analysis and negative impact of the low order harmonics caused by the grid impedance have been reported rarely, and the compensating method to attenuate the impact of grid impedance not proposed yet.
This paper presents the negative impact of the low frequency current distortion on grid current shaping under a weak grid condition, especially under a large leakage inductance of isolated transformer, by using a frequency domain analysis. Based on the analysis, a novel current shaping method, which adapting an active feed forward configuration, is proposed to improve low frequency current harmonics by compensating the negative impact. Since the proposed method is based on the feed-forward configuration, the current controller can be separately designed under the ideal grid condition, without any consideration or information of the intrinsic impedance and leakage inductance of a transformer. Various simulation and analysis results are provided in order to verify the effectiveness. In addition, 1.5kW 3-phase grid connected inverter has been built for prototype test and the experimental results are presented to prove the performance of the proposed analysis and novel current shaping method.
The paper is configured as follows. In the section II, the system is described. The low order harmonics due to the low frequency transformer is analyzed in the section III. The proposed harmonic compensation method using grid voltage feed-forward is introduced in the section IV. Finally the simulation and experimental results are shown in the section, for the performance verification. denotes the switching frequency, the OJ r denotes a fundamental frequency, the OJ ee s denotes the resonance frequency of the LCL filter, the T, denotes switching period, the Pinv denotes the maximum inverter active power, and the Vg denotes the grid line-to-line rms voltage. For simple analysis, assuming that the influence of a resonance in the LCL filer is perfectly eliminated by using the active damping method, the frequency domain model of the LCL type filter is regarded as the simple L type filter at the frequency range below the OJres[l5]. In addition, for the current control of inverter described in Fig.! , it is assumed that the inverter side current, iiw iib and ijc, is used.
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A. Current control design
When designing a well-known proportional integrator (PI) current compensator under the pole-zero cancellation, the current cross-coupling terms and grid voltage terms are employed as the feed-forward as shown in Fig. 2 . By adding the feed-forward terms, the plant model can be considered as a simple R-L load model. Fig.2 shows the resultant current controller block diagram, where represented in the dq synchronous rotating coordinate. The (d and i*q denote the reference current, the id and iq denote the inverter output current, the dd and dq denote duty cycle. For the purpose of facilitating the analysis, the current sensing gain, Hid and Hiq, are assumed to be unity gain with no dynamics. The transfer function of current controller is same as (!). The Giddd and Giqdq indicate the plant model represented in (2) , and the Gcd and Gcq indicate the current compensator in d axis and q axis, shown in (3). The system parameters in the Table 1 are used to identify frequency response. Based on the compensator design, Fig. 3 shows the gain and phase plots of the closed loop response and loop gain in the frequency domain analysis. It can be seen that the designed current controller satisfies the desired bandwidth and expect to work properly.
B. Analysis of impact from grid impedance
When the grid impedance is enough high under the weak grid condition or the extra low frequency transformer, the voltage distortion occurs at the PCC. Since the feed-forward terms of the current control of Fig. 2 is used the voltage that is sensed at the PCC, the difference between the actual grid voltage and the sensed voltage is involved. This difference can be described in (4) by applying the small signal modeling, where the Rit denotes the equivalent resistance of the grid impedance. At the right side of (4), the first product term is the distorted component in the actual grid voltage, and the second term is the desired grid voltage. Due to the distorted component of (4), the conventional current control block diagram of Fig. 2 need to be changed to FigA. When compared to Fig. 2 , it can be seen that the additional feed-back loop of (sL;t+R;t) is involved and the cross-coupling terms is modified in order to consider the L i t effect. Table 2 indicates the virtual grid impedance which could be caused from the weak grid condition or isolated transformer. Table 1 and Table. 2. It can be seen that the gain becomes increased in a low frequency range, and as a result, we can predict that the low order harmonic component in the grid current would be increased and current waveform is distorted. Fig. 6 shows the closed loop frequency response under various transformer leakage inductance values, which illustrates more Lit leads to the gain increase. Therefore, large grid impedance deteriorates the current quality, especially in the range of low frequencies. Fig. 7 shows the simulation results of the grid current under different output powers, to verify the impact of the grid. It is obvious that the grid current is deteriorated due to the increase of the low order current harmonics. The impact of the low order current harmonics becomes severe at a light load condition since fundamental current is reduced while low order current harmonics is maintained. When the grid impedance increases, the output current waveform is more distorted.
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IV. PROPOSED ACTIVE FEEDFORWARD COMPENSATION
To compensate the distorted grid voltage compoents in Fig.  4 , the feed-forward compensation is proposed in the d-axis and q-axis current controller diagram. Fig. 8 presents the proposed current control block diagram, where the same compoents of the distored ones is fed in advance. Since the distored componet is cancelled out by the active feed-forwad compensation, the plant model and the designed current controller of Fig. 2 is still valid without any modification.
During a previous analysis, it is assumed that the filter model is a single L type filter. In the L type filter, inverter side current and the grid side current is same, but in the LCL type filter, they are different. Intuitively, we can see that the distorted components are caused by the grid side current in the LCL type filter, and thus the grid current should be incorporated in the proposed active feed-forwad compensation. The current controller is also designed based on the grid
Fig. 7. Grid current waveform with low frequency transformer
current, which may experience the resonance phenomenon and require elegant control method to avoid it [12] .
Previously, it was confirmed that low order harmonics of the output current is included in "Fig.7 ". Through the method of the grid voltage feed-forward compensating which proposed in this paper, low order harmonics attenuated effecti vel y. .. 
V. ANALYSIS AND SIMULATION
The performance of the proposed active harmonic compensation method is verified by the simulation using a three-phase 1.5 kW grid-connected inverter system. The system parameters used in the simulation are same as Table. I  and Table. 2. Fig. 9 shows the instantaneous grid current waveform under the proposed active feed-forward compensation. It can be easily known that the low frequency harmonic components are almost removed and the attenuation performance works well. Fig. 10 shows the frequency spectrum result with a magnitude at several frequencies. In the 10% load condition, the 5th harmonic component is reduced by 4.7 %, and the 7th harmonic by 45.6 %. The higher effectiveness of the harmonic attention is achieved when the output power is reduced, which is desirable to compensate the negative impact of the grid impedance.
VI. EXPERIMENTAL RESULT
The experimental prototype has set up under the same system parameters of the simulation condition, as shown in Fig. II. Fig. 12 shows the instantaneous grid current waveform. In Fig. 12 (a) , which is the case with no grid impedance, the grid current is well regulated with small harmonic components, most of which are caused by the dead time effect. Fig. 12 (b) shows the current waveform under the grid impedance condition without the proposed active feed forward method. The current harmonics increases, and thus current waveform quality is deteriorated. However, after employing the proposed method in Fig. 12 (c) , it clearly shows a tendency to attenuate low order harmonics, and it is simply achieved the better current waveform quality without any redesign process of the current compensator.
Harmonic attenuation effect can be confirmed through the frequency analysis in Fig. 13 . Almost every low order harmonics which increased by grid impedance attenuated effecti vel y. 
VII. CONCLUSION
This paper analyzes the negative impact of the low frequency current distortion under a power grid contains the inherent impedance, so called the weak grid condition, and the novel active feed-forward compensation method is introduced to attenuate the negative impact. The proposed method is easily applied without any modification of the current controller, while providing a better grid current quality. Various simulation and analysis results are provided in order to verify the effectiveness. In addition, 1.SkW 3-phase grid connected inverter has been built for prototype test and the experimental results are presented to prove the performance of the proposed analysis and novel current shaping method. [ 
